The African trypanosome, Trypano8oma rhode8ien8e, which in man causes sleeping sickness, has been maintained by blood passage in rats for many years. When isolated from rat blood, glucose or another carbohydrate is essential for the in vitro survival of the parasites and under these conditions the catabolism of glucose results in the formation of a number of extracellular end products (Fulton & Stevens, 1945) , although the amounts of pyruvate and glycerol account for almost all the glucose utilized (Ryley, 1956) . We have now used 14C_ labelled glucose to study the metabolic pathways involved in the formation of pyruvate and glycerol and in the further catabolism of pyruvate by the same strain of T. rhode8ien8e, its drug-resistant variants and a new strain freshly isolated from a human patient. In addition, experiments are described which indicate that pyruvate is also a major end product of the growing trypanosome in vivo.
The African trypanosome, Trypano8oma rhode8ien8e, which in man causes sleeping sickness, has been maintained by blood passage in rats for many years. When isolated from rat blood, glucose or another carbohydrate is essential for the in vitro survival of the parasites and under these conditions the catabolism of glucose results in the formation of a number of extracellular end products (Fulton & Stevens, 1945) , although the amounts of pyruvate and glycerol account for almost all the glucose utilized (Ryley, 1956) . We have now used 14C_ labelled glucose to study the metabolic pathways involved in the formation of pyruvate and glycerol and in the further catabolism of pyruvate by the same strain of T. rhode8ien8e, its drug-resistant variants and a new strain freshly isolated from a human patient. In addition, experiments are described which indicate that pyruvate is also a major end product of the growing trypanosome in vivo.
Some of these results have already been reported in a preliminary communication .
MATERIALS AND METHODS
Strains of trypanosomes. Two distinct strains of T. rhodesiense were maintained in the rat as host.
The Liverpool strain ('L' strain) was isolated in 1923 from a human patient and has subsequently been maintained in either mice or rats by blood inoculation. The atoxylresistant variant of this strain was obtained from the Liverpool School ofTropical Medicine (Yorke & Murgatroyd, 1930) . The stilbamidine-resistant variant was prepared as described by Fulton & Grant (1955) .
A new strain, termed 'Maun' ('M' strain), which had been isolated from a human patient only a few weeks before the present experiments, was obtained through the courtesy of Dr W. E. Ormerod, London School of Hygiene and Tropical Medicine.
In the experiments which are to be described, the 'L' strain was used exclusively except where indicated.
Direct estimation of trypanosome numbers. Trypanosomes in infected blood or in a saline suspension were determined by a direct count in a Thoma-Zeiss haemocytometer by the method of Voegtlin & Smith (1920) .
Isolation of trypanosomesfrom rat blood. (a) 'L' strain and its drug-resistant variants: at the height of infection, when the blood was swarming with parasites, the rats (250-300 g.) were anaesthetized and bled by cardiac puncture into citrated saline [1 % (w/v) NaCl and 2 % (w/v) sodium citrate] containing 0-2% of glucose. After centrifuging at about 1400 g for 10 min. the serum was removed and the trypanosomes which had separated into a white layer above the red cells were removed as completely as possible with a Pasteur pipette and resuspended in buffered saline (Krebs & Eggleston, 1940) containing 10% (v/v) of horse serum and 0-2 % of glucose. Residual red cells in this preparation were then removed by the technique of Moulder (1948) , in which the serum of a rabbit immunized against rat red cells was used to agglutinate them. The final suspension of trypanosomes was examined microscopically and then centrifuged in a fine-bore graduated centrifuge tube, at exactly 900g, for 5 min. In this way reproducible volumes of the packed trypanosomes could be removed for inoculation of the incubation medium. (b) 'M' strain: heavy infections of rats did not usually occur and abnormally large numbers of platelets and white cells were present, which proved difficult to eliminate from trypanosome preparations by the technique described above. The following procedure was therefore adopted. Platelets were removed by defibrination of the blood with glass beads. The blood was then centrifuged and the upper layer of trypanosomes and white cells removed and resuspended in buffered saline containingglucose. Residual red cells were agglutinated as described above and each 20 ml. of the remaining thin suspension was percolated through a column of filter-paper powder (1 g. of Whatman ashless cellulose powder for chromatography per column; W. and R. Balston Ltd., Maidstone) supported on a pad of cotton wool. Although there was some loss of trypanosomes by this procedure, the eluate was essentially free from white celLs. A known volume of packed trypanosomes was then prepared from the combined eluates as described above.
In vitro incubation of trypanosome suspension. In all cases the medium consisted of buffered saline containing 10% (v/v) of rat serum and 0-2 % of glucose. Each 100 ml. was inoculated with 1 ml. of the packed trypanosomes. These suspensions were then dispensed into suitable conical flasks so that the volume ratio of medium to residual air-space was 1:3. The gas phase was either air-CO2 (95:5) or N2 -CO2 (95:5). The flasks were stoppered with tight-fitting rubber bungs and incubated at 370 for 2 hr. with gentle agitation on a reciprocating shaker.
To measure the evolution of 14CO2 from 14C-labelled glucose 25 ml. of a trypanosome suspension was pipetted into a 100 ml. wide-necked conical flask which also contained a 10 ml. flat-bottomed conical flask in place of the conventional centre well. The main flask was tightly stoppered with a rubber bung, through which two glass tubes passed so that the end of one tube was just above the surface of the suspension and the other tube ended just inside the neck of the 10 ml. conical flask. After the flasks had been flushed with the air-CO2 mixture for 10 min., the exterior end ofeach glass tube was sealed by a rubber vaccine cap and the flask was incubated as described above. Potassium hydroxide solution [1 ml. of 20% (v/v) ] was then injected through the vaccine cap into the small conical flask with the aid of a fine-bore needle and syringe, and the suspensionwas acidified by the injection of 2 ml. of 2N-H2S04 through the other vaccine cap. After shaking for a further 15 min. the vaccine caps were removed and traces of alkali on the interior surfaces of the tube into the small conical flask were rinsed into the latter by means of a few millilitres of C02-free water. The small flask containing the alkali and washings was then removed, the contents were quantitatively transferred to a small centrifuge tube and the carbonate was precipitated as BaCO3 for radioassay.
Labelled Arnstein & Keglevi6, 1956) . [3 :4-4C]Glucose was prepared biosynthetically in vitro from rabbit-liver slices as described by Topper & Hastings (1949 Radioactivity measurements. Samples of infinite thickness' were plated on 1 cm.2 polythene disks (Popjak, 1950) and counted with a bell-shaped helium-filled GeigerMuller counter. All radioactivity measurements made directly on iodoform samples were corrected for backscattering, which was determined experimentally to cause errors of +9% on the particular counter used. The combined errors due to variation in sample preparation and statistical errors in counting were estimated to be + 5%.
Isolation of lipid fractions and protein-bound amino acid from trypanosome material. At the end of an incubation trypanosomes were isolated by centrifuging as described previously, and washed twice in buffered saline containing glucose; the final sedimented material was freeze-dried.
The lipids of freeze-dried trypanosomes were quantitatively isolated and fractionated as described by Gidez & Karnovsky (1954) . The purity of the isolated amino acids was confirmed by paper chromatography and by their constant radioactivity after recrystallization.
Isolation and degradation of metabolic products present in the medium after incubation Vol. 66 243 suspension immediately before incubation, as described by Feller, Strisower & Chaikoff (1950) . Pyruvate. Protein was precipitated from the medium by the addition of 10 % (w/v) metaphosphoric acid, so that the final concentration of this acid was 2 %. From the filtrate pyruvate was precipitated as the 2:4-dinitrophenylhydrazone by the addition of a saturated solution of 2:4-dinitrophenylhydrazine in 2N-HCI, and after standing overnight at + 40 the hydrazone was filtered off, washed with water and recrystallized from ethanol to constant radioactivity. The location of 14C in some of these hydrazone samples was determined as described below. Pyruvate 2:4-dinitrophenylhydrazone (usually about 200 mg.) and an equal weight of Adam's platinum oxide catalyst (Johnson, Matthey and Co. Ltd., London) were suspended in 25 ml. of water and hydrogenated at room temperature and pressure for 4 hr. The catalyst was then filtered off, the almost colourless filtrate turning yellow and then green when brought into contact with air. The reaction products, alanine and 2:4:6-triaminobenzene, were absorbed from solution by a column of ZeoKarb 225 (4 cm. x 2 cm.) in the hydrogen form, alanine being subsequently eluted with 0-15M-NH3 aq. soln. The alkaline eluate was evaporated to dryness in vacuo, the amino acid being recrystallized by adding acetone to an aqueous solution and its purity checked by paper chromatography with phenol-NH3 as solvent. Yield, based on hydrazone-used, was usually 50-60 %. Alanine was subsequently degraded with ninhydrin as described by Gilvarg & Bloch (1951) to yield C(1) as CO2 and C(2) plus C(3) as acetaldehyde.
A portion of the acetaldehyde was further degraded with hypoiodite (see Hatcher & Mueller, 1929 ) to give C(3) as iodoform. Glycerol. Usually 200 ml. of protein-free medium was adjusted to pH 8 with 20 % (w/v) KOH and evaporated to dryness in vacuo at 500. The residue was kept overnight in vacuo over P205 and then extracted with three portions of ethanol (15 ml.) under reflux conditions. The combined extracts were filtered, 1 ml. of water was added and the volume was reduced to about 1 ml. in a stream of air. The residual solution was applied as a streak 10 in. long to Whatman 3 MM paper and, after air-drying, the chromatogram was developed in the ascending manner for 16 hr. with a solvent system consisting of butanol-ethanol-NH3 aq. soln. (1-5M) (45:50:5) . After development thin strips were cut off the air-dried sheet, sprayed with ammoniacal AgNO3 and heated at 1100. The area on the untreated part of the chromatogram containing glycerol (RF 0.43) was cut out and eluted with water. This eluate was then benzoylated in alkaline solution and the tribenzoyl derivative recrystallized from ligroin to constant radioactivity; m.p. 720 (uncorr.) .
In some cases the tribenzoyl derivativewas hydrolysed atreflux temperature with ethanolic NaOH (2 N-NaOH-ethanol, 1: 1) for40min. Thesolutionwas cooled, acidifiedwith H2SO4 and benzoic acid extracted with light petroleum (b.p. 60-80°). The residual solution was cooled, filtered and treated with periodic acid (Reeves, 1941) to yield C(1) and CO3) as formaldehyde, which was isolated as the dimedone derivative.
Succinate. In one instance (see Table 5 ) this acid was isolated as described below and degraded by the method of Phares & Long (1955) .
Analytical method8
Glucose was estimated by the procedure of Nelson, the modified colorimetric reagents described by Somogyi (1952) being used. Pyruvate and a-oxoglutarate were estimated in blood samples by the specific paper-chromatographic technique (El Hawary & Thompson, 1954) . In one instance, total keto acids were determined by the procedure of Friedemann & Haugen (1943) . The small amount of succinate produced from [U-14C]glucose (see Table 2 ) was estimated manometrically by the procedure of Krebs, Smyth & Evans (1940) . In order to determine the total radioactivity associated with this latter acid, a known amount of unlabelled pure sodium succinate was added to a known volume of the suspension and, after thorough mixing, the non-volatile acids were isolated by continuous ether extraction. These acids were separated by partition chromatography (Swim & Krampitz, 1954) (Table 1) . This is of particular value with glycerol, which is difficult to estimate accurately in biological fluids. The determination of pyruvate by this procedure is valid in these experiments because we have found by paper chromatography that it is the only keto acid produced under these conditions. Pathway of gluCose utilization by T. rhodesiense in vitro The results in Table 3 for the [U-14C]glucose experiment with the 'L' strain show that pyruvate is formed exclusively from the glucose utilized, since the radioactivity of glucose is, within the limits of experimental error, double that of the pyruvate. In other words, pyruvate has the same specific activity/mole of carbon as the original glucose supplied. On incubation with [ 1 -14C]glucose, pyruvate labelled only in methyl carbon was obtained, whereas carboxyl-labelled pyruvate was obtained from [3:4-14C2]glucose (Table 3) . These experiments were repeated with [1_-4C]glucose and the atoxyl-resistant and stilbamidine-resistant variants of the 'L' strain, both in the presence and 244 I957 spectively to determine the specific activity (x) of these compounds. Known amounts (M') of pure pyruvic acid (added as sodium pyruvate) and anhydrous glycerol were then added to measured volumes of these suspensions (70 ml.) and, after thorough mixing, pyruvate and glycerol were isolated as before. The specific activity of these diluted samples (y) completes the information required to calculate the mass of labelled compound (M) present at the end of the incubation (cf. Rittenberg &. Foster, 1940 Vol. 66absence of drug (Table 3) . With the atoxyl-resistant variant the final concentration of drug in the medium was 20 ,g./ml., which had no observable effect on motility, whereas this concentration was lethal to the parent strain within 10 min. Stilbamidine had no observable effects on the motility ofthe parent strain or its resistant variant (Fulton & Grant, 1955) .
The results obtained on incubating the 'M' strain with [1-14C]glucose (Table 3) were the same as those obtained for the other strain and its variants.
The equal radioactivities ofpyruvate and glycerol formed by incubation of T. rhodasiense aerobically and anaerobically with [U-14C]glucose (Table 1) indicate that both compounds are exclusively formed from glucose. With [1-_4C]glucose as substrate, however, the radioactivity of glycerol is equal to that of pyruvate under aerobic conditions (Table 4) , in which only a small amount ofglycerol is formed (Table 1) , whereas under anaerobic conditions, in which almost equal amounts of pyruvate and glycerol are produced, glycerol contains a markedly greater radioactivity than pyruvate (Table 4) . Moreover, under these latter conditions the specific activity of glycerol/mole of carbon is actually greater than that of the glucose from which it was formed. 
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Glutamric acid was essentially unlabelled, and this is of particular interest in view of the significant radioactivity found in alanine, serine, glycine and aspartic acid.
The incorporation of isotopic glycerol derived from [U-_4C]glucose into trypanosome lipids and the utilization of [2-14C]acetate for lipid fatty acids (Table 5) indicate that fatty acid and triglyceride synthesis take place under these in vitro conditions. The relative lack of incorporation of 14C from [U-14C]glucose into fatty acid fractions of lipid thus suggests that the conversion of pyruvate into acetate does not occur to a significant extent. Moreover, the negligible incorporation of 14C from [2-_4C]acetate into extracellular pyruvate indicates that the reverse reaction does not occur.
In the experiment with NaH14CO3, the "4CO2 remaining at the end of the incubation was recovered by acidification ofthe medium and trapping the evolved C02 in alkali as described in the Materials and Methods section. The total radioactivity recovered in this way was found to be, within the limits of experimental error, the same as that originally added, although succinate isolated after the addition of carrier and pyruvate were both radioactive (Table 5) . Degradation ofthis succinate sample showed that the isotope was located only in the carboxyl carbon atoms. It is thus clear that C02 fixation had taken place, although the amount involved must have been too small to detect by the technique adopted to measure it.
Correlation of pyruvate production by T. rhodesiense in vitro and in vivo. It seemed possible that the accumulation of extracellular pyruvate under aerobic conditions in vitro might be due to a deficiency of some essential cofactor or substrate in the incubation medium. However, the addition of cofactors such as coenzyme A, thioctic acid, diphosphopyridine nucleotide (oxidized, DPN+, or reduced, DPNH), cocarboxylase or yeast extract added singly or together to the medium did not bring about any significant change in the amount of pyruvate formed during an incubation. Altering the serum content of the medium to a final concentration of 50 % (v/v) , and the addition of NaHCO3, were likewise ineffective. Quantitative analyses of the keto acids in the blood of normal and infected rats (Fig. 1) showed that abnormally large amounts of pyruvate and oc-oxoglutarate were present in the blood of rats infected with either the 'L' or the 'M' strain of the parasite. The blood pyruvate levels were correlated with the degree of infection and the role of the parasite was more conclusively demonstrated by treating infected rats with the trypanocidal drug Mapharside (3-amino-4-hydroxyphenylarsenoxide). The parasites had completely disappeared from the blood 90 min. after treatment. At this time the total keto acid levels in these rats had returned to near normal (Fig. 2) , and at 120 min. were almost the same as those found in the blood of normal rats treated with Mapharside at the same time as the infected animals. DISCUSSION It has been estimated that the highly motile bloodstream forms of the pathogenic African trypanosomes consume glucose at a rate corresponding to about 50-100 % of their dry weight in 1 hr. under in vitro conditions (Brand, 1951) , and in its absence they rapidly become motionless and disintegrate. With T. rhodesiense the carbon balance given by Ryley (1956) and the results presented here would indicate that the glucose utilized is largely catabolized to pyruvate and glycerol (Table 1) , only minor amounts being used for cell synthesis (Tables 1 and 4) or converted into respiratory carbon dioxide (Table 1) .
The distribution of isotope in pyruvate formed by incubation of T. rhodesiense with specifically 14C_ labelled glucose (Table 3) is consistent with that predicted by the Embden-Meyerhof-Parnas (EMP) scheme (see Wood, 1955) . In this classical glycolytic pathway one mole of glucose is cleaved to 2 moles of triose phosphate, which are equivalent to one another in so far as pyruvate is concerned, so that C(3) and C(4) of glucose become the carboxyl carbon atoms of pyruvate, whereas C(1) plus C(6), and C (2) plus CO5) become the ,B and a carbon atoms respectively. The oxidative pathway of glucose utilization in which the C(1) of glucose is evolved as CO2 would not appear to be of any importance to the trypanosome under these conditions, since only 0 59 % of the [1-14C]glucose utilized was evolved as respiratory CO2 (Table 3 ). The possibility that this latter estimate is low owing to the use of endogenous 14CO2 by the trypanosome for synthetic reactions is unlikely to be of importance in view of the limited synthesis of succinate and cellular components observed in a similar incubation with [U-14C]glucose (Table 2 ). The EMP scheme is thus the major, if not the only, pathway for glucose utilization by T. rhode8iense under these in vitro conditions, and it is of interest that other trypanosomes such as T. hippicum (Harvey, 1949) and T. equiperdum (Chen, 1948) contain glycolytic enzymes. The observation that the molar radioactivities of pyruvate and glycerol formed by incubation of T.
rhodesiense with [1-14C]glucose can be varied by aerobic or anaerobic conditions may also be explained in terms of the EMP scheme. In this scheme glucose yields equimolar amounts of dihydroxyacetone phosphate (DHAP) and glyceraldehyde 3-phosphate (G3-P) which are in equilibrium with one another. This equilibrium state, which is catalysed by triose phosphate isomerase, has been estimated to be 96 % in favour of DHAP (Meyerhof & Junowicz-Kocholaty, 1943) . Reduced diphosphopyridine nucleotide formed in the conversion of G 3-P into pyruvate (reaction rate k5, see Fig. 3 glycerol and G 3-P into pyruvate must be equal, and greater than that of G 3-P into DHAP, that is, =5=14> k2.
These observations are of more general significance. Studies on the quantitative importance of alternative pathways of glucose catabolism are usually made on the assumption that the two triose phosphates formed from glucose by the EMP scheme are isotopically equivalent for pyruvate formation (see Wood, 1955) , so that pyruvate or a related compound formed from [1-_4C] glucose by the EMP pathway should have the same radioactivity/mole of carbon as that of the original sugar. The present results would indicate that this assumption is not necessarily true and suggest that the query of Schambye, Wood & Popjak (1954) may be justified. These latter workers found that glucose of rat-liver glycogen is not symmetrically labelled when [1-14C] glycerol is fed to rats, the C(3) containing one-third more 14C than the C(4) 'More recently, Marks & Horecker (1956) have shown that whereas 14C02 was fixed into rat-liver glycogen in vitro, under certain conditions the C(4) of the glucose unit contained a greater radioactivity than the C(3).
The incorporation of 14C from [U-14C]glucose into succinate and cell carbon ( Table 2 ) would show that a small amount of pyruvate is metabolized by the trypanosome, and the results presented in Table 5 are indicative of one pathway that is involved. The similar radioactivities of alanine and aspartic acid in trypanosome protein from the [U-14C]glucose experiment suggest that there is a direct synthesis of oxaloacetate from pyruvate and carbon dioxide. The incorporation of isotope from 14C02 into the carboxyl carbon ofsuccinate is in ageement with this view. This latter result is, moreover, only consistent with the formation of succinate from pyruvate by the pathway demonstrated in the ciliated protozoon, Tetrahymena gelei (van Niel, Thomas, Ruben & Kamen, 1942) (Fulton & Stevens, 1945) , succinate and citrate (Ryley, 1956 ) have been found to accumulate during the in vitro incubation of T. rhode8ien8e, and the dehydrogenase of malate, citrate, a-oxoglutarate and succinate have been demonstrated in preparations of the same parasite (Williamson, 1953) . In the present experiments (Table 5) Brand & Mehlman, 1950) , so that it is not easy to determine whether the metabolic reactions which have been observed are really representative of those taking place in the growing parasite. It is known, however, that heavily infected rats have little or no liver glycogen and are hypoglyeaemic (Christophers & Fulton, 1938 ). The present work shows that abnormally high blood-pyruvate levels are correlated with the degree of infection (Fig. 1) and are directly caused by the metabolism of the parasite (Fig. 2) 
